). Stratification by measurement technique, study design, study size, and ethnicity explained heterogeneity in certain cardiometabolic outcomes. Conclusions-Shortened leukocyte telomere length demonstrates a significant association with stroke, myocardial infarction, and type 2 diabetes mellitus. Larger, well-designed studies are needed to confirm these findings and explore sources of heterogeneity.
T elomeres are gene-poor, repetitive TTAGGG nucleotide sequences that cap the ends of chromosomes. 1 Folding back on themselves to form a protective loop, they help stabilize chromosomes through preventing degradation, end-to-end fusion, and abnormal recombination of DNA strands. 2 With each cell cycle telomeres shorten 30 to 200 nucleotides. 3 This process is further accelerated as a result of oxidative stress and chronic inflammation. 4, 5 After telomeres decrease in size to a critical length, they are no longer able to serve their protective purposes. Consequently, cell cycle arrest (senescence) or apoptosis is activated. 6 Because increased cellular senescence and oxidative stress are both key indicators of aging, it has been suggested recently that a shortened average telomere length could serve as a biomarker for aging and age-related diseases. 7 
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Cardiovascular disease (CVD) and type 2 diabetes mellitus (T2D) are 2 disorders clearly related to age and a reduced life span. 8 The incidence of these cardiometabolic outcomes demonstrates great interindividual variability within the same age group, suggesting that chronological age is not a precise measure of health status. 9 There is therefore great use in identifying a biomarker that could provide further information about one's cardiometabolic health in addition to (or in place of) chronological age, as it would aid in both the prediction and the prevention of disease. Telomere length may be one such biomarker.
To date, studies of the association between leukocyte telomere length (LTL), which reflects telomere length throughout the body, 10 and cardiometabolic outcomes have yielded conflicting results. For example, some studies have reported a significant association between telomere length and stroke, [11] [12] [13] [14] whereas others have failed to demonstrate any such association. [15] [16] [17] [18] [19] This inconsistency, which is also seen in studies investigating Background-Telomeres are repetitive, gene-poor regions that cap the ends of DNA and help maintain chromosomal integrity. Their shortening is caused by inflammation and oxidative stress within the cellular environment and ultimately leads to cellular senescence. Shortened leukocyte telomere length is hypothesized to be a novel biomarker for age and age-related diseases, yet reports on its association with cardiometabolic outcomes in the literature are conflicting. Methods and Results-MEDLINE (1966 to present) and EMBASE (1980 to present) were last searched on September 9, 2013.
Reference lists of retrieved citations were hand searched for relevant studies. No restrictions were placed on sample size, language, or publication type or date. Fifteen cohort and 12 case-control studies reporting the association between leukocyte telomere length and stroke, myocardial infarction, and type 2 diabetes mellitus were independently selected for inclusion by 2 reviewers. Data extraction and risk of bias assessment were completed independently by 2 reviewers using predefined criteria. Studies were pooled using the generic inverse variance method and both fixed and random effects models. A 1-SD decrease in leukocyte telomere length was significantly associated with stroke (odds ratio, 20, 21 The primary objective of this systematic review and metaanalysis is to provide insight into the use of LTL as a biomarker of aging through a comprehensive assessment of the relationship between shortened LTL and the cardiometabolic outcomes of stroke, myocardial infarction (MI), and T2D. Secondary outcomes investigated include coronary artery disease (CAD), CVD-related death, and a major adverse cardiac event (MACE) composite outcome.
Methods

Eligibility Criteria
Articles deemed eligible for inclusion into the systematic review reported a hazard ratio or odds ratio (OR) for the association between LTL and ≥1 of the following outcomes: stroke, MI, T2D, CAD, CVD-related death, or MACE composite. CAD was defined as angina or a nonfatal ischemic heart disease composite (International Classification of Disease-Tenth Revision; codes I20-I25 or equivalent). MACE was defined as stroke, MI or CVD-related death. Both cross-sectional and prospective studies were selected for inclusion. If multiple publications reported the same outcome in identical populations, only the most recent publication was included. Publications were excluded if telomere length was not measured in leukocytes. No restrictions were placed on sample size, language of publication, date of publication, or publication status.
Information Sources and Search Strategy
Articles were accessed through OVID from the MEDLINE (1966 to present) and EMBASE (1980 to present) electronic databases. Limitations on the search restricted citations to only those including humans. Key MeSH terms used in the search strategy included: telomere, MI, stroke, diabetes mellitus, and death. See Tables I and II in the Data Supplement for complete search strategy for both databases. The last search was run on September 9, 2013. To identify further citations, the reference lists of articles retrieved were also hand searched.
Study Selection, Data Collection, and Data Items
Two reviewers, M.D. and S.R., independently selected studies for full-text review through title and abstract screening of citations retrieved from all sources. Full-text screening for final inclusion into the systematic review was also performed independently by both reviewers. Cohen's unweighted κ was used to evaluate agreement between both reviewers at each screening stage, and disagreements were resolved through consensus.
A data abstraction sheet was designed and piloted with 10 randomly selected studies. M.D. and S.R. independently extracted data pertaining to (1) study type, (2) patient baseline characteristics, (3) 
Risk of Bias in Individual Studies
Risk of bias was independently assessed at the outcome level using an adapted version of the Newcastle-Ottawa Scale. 22 Briefly, case-control and cohort studies were scored in 3 separate categories: selection, comparability, and exposure/outcome. Overall, each study received a rating from 0 to 8 stars depending on the likelihood of bias. A priori we established that 0 to 2, 3 to 5, and 6 to 8 stars would be considered at high, moderate, and low risk of bias, respectively.
Summary Measures, Synthesis of Results, and Risk of Bias Across Studies
The main summary measure was the pooled OR and 95% CI of a cardiometabolic outcome per-SD decrease in LTL. Cardiometabolic outcomes are relatively rare events and as such we treated hazard ratios as approximates of ORs. As described in the Methods in the Data Supplement, an effort was made to convert to per-SD decrease when associations were reported based on quantile comparisons of LTL (ie, shortest versus longest quantile). Only the most adjusted effect measures were used so as to account for confounding.
The pooled OR was computed using the generic inverse variance method. This method weighs each study according to the inverse of the variance of the effect estimate to minimize uncertainty in the pooled effect estimate. Heterogeneity was assessed using the Cochran Q test and considered to be significant if P<0.05. In addition, I
2 was used as a measure of the portion of total variation in estimates that was because of heterogeneity. High heterogeneity was defined as I 2 >50%, whereas moderate and low heterogeneity were defined as <50% and 25%, respectively. Pooled summary estimates were initially calculated using the fixed effect model; however, if significant heterogeneity was observed, a random effects model was alternatively used. To assess for publication bias across studies inverted funnel plots were created for each outcome and visually inspected for asymmetry. A priori subgroup analyses based on study type, LTL measurement technique, sample size, and population ethnicity were conducted to examine possible sources of heterogeneity. Sensitivity analyses, also specified a priori, were conducted to observe the impact of removing studies at high or moderate risk of bias, and studies using highly variable LTL measurement techniques (interassay coefficient of variation >10%). Statistical analyses were conducted using Review Manager (v5.2). All reported P values were 2-sided.
Results
Selection and Characteristics of Included Studies
As shown in Figure 1 , the electronic database search of MEDLINE and EMBASE resulted in the identification of 3382 relevant citations. A total of 2112 records remained after duplicate citations were removed and 2023 of these were excluded after title and abstract review for not meeting inclusion criteria. The full-text review of the 89 remaining articles yielded 27 publications for inclusion into the systematic review. No additional citations were retrieved from searching reference lists. Key reasons for exclusion included no cardiometabolic outcomes of interest measured (58), telomere length not obtained from leukocytes (2) , and multiple publications of the same data set (2) . A Cohen's unweighted κ of 0.83 was achieved signifying good agreement between both reviewers. Among the 27 included publications in the systematic review, 1 was excluded from quantitative meta-analysis because of not providing enough information to calculate an appropriate OR and 95% CI. 23 When necessary, authors of included studies were contacted for further information with respect to study characteristics or reported results. Tables 1 to 3 describe the characteristics of included studies assessing stroke, MI, and T2D. Studies assessing CAD, CVD-related death, and MACE are presented in Tables III to V in the Data Supplement. One publication consisted of both a case-control and cohort study and therefore a total of 12 case-control and 15 cohort studies were included into the meta-analysis. 11 Participants from the Cardiovascular Health Study and the Physicians Health Study were both included in multiple publications; however, different outcomes were reported. 12, 18, 25, 34 Several studies investigated LTL in specific ethnic groups. European white was the ethnic group predominantly reported, followed by Asian. Only 1 study presented effect measures stratified based on different ethnicities. 30 All studies enrolled a similar amount of men and women, except for 5 that were sex specific. 16, 18, 25, 30, 35 Quantitative polymerase chain reaction (qPCR) was the primary method of telomere measurement, with 4 studies using the Southern blot technique. 12, 13, 24, 34 Reported mean CVs ranged from 1.3% to 22%. Each study adjusted their reported effect measure for a variety of confounding variables and these are described in Tables VI to XI in the Data Supplement.
Risk of Bias Within Studies
The risk of bias assessment is presented at the outcome level in Tables 1 to 3 . The majority of studies included had a low risk of bias according to the Newcastle-Ottawa Scale quality score. Two studies did not adjust for age in the experimental design and analysis 36, 37 and thus were considered at risk of bias given the strong relationship between LTL and age. Lack of blinding of laboratory technicians and the use of highly specific patient populations were considered as further sources of bias.
Primary Outcomes: Stroke, MI, and T2D
A consistent positive association between per-SD decrease in LTL and all 3 primary cardiometabolic outcomes was observed ( Figure 2 ). The 10 studies reporting stroke had a pooled OR of 1.21 (95% CI, 1.06-1.37) and displayed significant heterogeneity (I 2 =61%; P<0.01) when meta-analyzed using a random effects model. A more modest summary OR was identified when combining the 6 studies that reported on MI using a random effects model (OR, 1.24; 95% CI, 1.04-1.47). A high level of heterogeneity was also detected between these studies (I 2 =68%; P<0.01). The largest effect size was observed with respect to T2D (OR, 1.37; 95% CI, 1.10-1.72). Significant heterogeneity was detected (I 2 =91%; P<0.01) among the 7 studies meta-analyzed using a random effects model. The 1 study not included into the quantitative meta-analysis reported an association between a decrease in LTL and T2D (OR, 1.24; 95% CI, 1.09-1.42).
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Secondary Outcomes: CAD, CVD Death, MACE Composite
A significant association between per-SD decrease in LTL and CAD was not observed when 7 studies assessing the outcome were pooled using a fixed effect model (OR, 1.03; 95% CI, 0.98-1.08; I 2 =41%). However, positive associations between per-SD decrease in LTL and the CVD death and MACE outcomes were identified. With respect to CVD death, 6 studies were combined using a fixed effect model to 
Subgroup Analysis
Subgroup analysis by measurement technique, study type, study size, and ethnicity is presented for each primary outcome in Figure 3 . Stratifying by qPCR or Southern blot explained some of the heterogeneity in the association between shortened LTL and stroke. I 2 decreased from 61% overall to 35% for studies using Southern blot and 58% for studies using qPCR (P=0.03 for subgroup differences).
Stratifying by study design explained the high level of heterogeneity within the MI (P=0.01 for subgroup differences) and stroke (P=0.03 for subgroup differences) meta-analyses. With respect to MI, case-control studies had a low level of heterogeneity (I 2 =0%), whereas cohort studies had a moderate level (I 2 =45%). Only the case-control subgroup stayed significantly associated with a shortened LTL after stratification. Within the stroke meta-analysis, case-control studies (I 2 =66%) and cohort studies (I 2 =56%) remained at a high level of heterogeneity. The case-control subgroup was no longer significantly associated with a shortened LTL after stratification.
Study size subgroup differences were also observed in the MI pooled assessment (P<0.01). The high level of heterogeneity within the pooled OR for MI (I 2 =85%) was almost completely eliminated when stratifying studies by 0 to 499, 500 to 999, and >1000 participants (I 2 of 0%, 0%, and 37%, respectively). The association with shortened LTL remained in the 2 smaller sized subgroups.
Stratifying by mean age explained some of the heterogeneity within the stroke meta-analysis. I 2 decreased to 2% for studies using participants with a mean age between 51 and 60 years and 38% for studies using participants with a mean age between 61 and 70 years (P=0.01 for subgroup differences).
Significant subgroup differences were not observed when stratifying by ethnicity or study design.
Assessment of Publication Bias and Sensitivity Analysis
Publication bias was assessed for all outcomes through visually inspecting asymmetry in the funnel plots presented in Figure 4 . The funnel plots for both MI and T2D demonstrated moderate asymmetry indicating publication bias. There was little evidence to suggest significant publication bias with respect to stroke and secondary outcomes ( Figure   Figure 2 . Forest plot of primary cardiometabolic outcomes. Results are presented for random effects models. CI indicates confidence interval; IV, inverse variance method; and LTL, leukocyte telomere length.
IV in the Data Supplement). Removing studies at high or moderate risk of bias according to the overall NewcastleOttawa Scale quality score did not significantly alter the associations in any of the cardiometabolic outcomes of interest. Similarly, removing studies not reporting a coefficient of variation (or reporting a coefficient of variation >10%) had no significant effect on any pooled ORs (Table XII in 
Discussion
In this systematic review and meta-analysis of 27 observational studies, a constant positive association with per-SD decrease in LTL was observed across all primary cardiometabolic outcomes assessed. The main strength of this review lies in the fact that it is a pooled analysis of LTL and cardiometabolic outcomes, thus providing the greatest power to detect associations missed by smaller individual studies. Furthermore, the large number of outcomes assessed within this review allows for a more comprehensive evaluation of LTL as a general biomarker of aging.
MI is a consequence of interrupted blood flow to the heart subsequently leading to the death of cardiomyocytes. 38 Likewise, stroke is characterized by the sudden loss of blood supply to the brain resulting in neuronal death. 39 Both cardiometabolic outcomes are often caused by the formation of unstable atherosclerotic plaques over time within vascular tissue. It has been shown that plaques form as a product of impaired endothelial repair and vessel remodeling, high cell turnover, increased oxidative stress, and upregulation of inflammatory factors. 40 Interestingly, these plaque formation processes have all been shown to be associated with decreased telomere length in vascular cells. 41 When considered with the fact that LTL is highly correlated with vascular tissue telomere length, it is reasonable to expect shortened LTL in patients at risk of stroke or MI. Evidence from our meta-analysis aligns directly with this hypothesis as we have found that a per-SD decrease in LTL confers a higher risk for both stroke (OR, 1.21; 95% CI, 1.06-1.37) and MI (OR, 1.24; 95% CI, 1.04-1.47).
CVD-related death had the smallest effect size, despite all primary cardiometabolic outcomes demonstrating significant associations with a shortened LTL. A possible explanation for this is a lack of statistical power because of a relatively low number of events observed. In addition, the age of participants studied may have diminished the pooled estimate as it has been reported that LTL is a poor predictor of survival in elderly individuals (aged >75 years). 42 Two studies included in the meta-analysis used populations with a mean age >75 years. 35, 36 An interesting result was the significant association between a shortened LTL and the MACE composite outcome, suggesting that patients experiencing any events because of general cardiovascular aging had a shorter LTL. This effect has been observed and quantified in a study where it was shown that LTL in patients with CAD was similar to that of healthy controls who were 11 years older.
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T2D is a metabolic disorder characterized by increased blood glucose levels because of pancreatic β-cell dysfunction in the context of increased insulin requirements. 43 Because T2D is a strong predictor for CVD, it has been hypothesized that a common biological pathway based on tissue aging and senescence could potentially link the 2 diseases. 44 Our findings of a significant relationship between a shortened LTL and T2D provide evidence for this hypothesis. Further support of this relationship can be seen in studies reporting cardiovascular events in diabetic patients. For instance, it has been shown that patients with T2D and MI have a shorter LTL when compared with T2D controls. 27 Paradoxically, CAD was the only outcome measured to not have a significant association with shortened LTL, although a consistent trend was observed (OR, 1.03; 95% CI, 0.98-1.08). Given our other findings, this result may imply that LTL is a potential marker of plaque rupture and thrombosis causing MI rather than the progression of atherosclerosis. However, there is substantial evidence for a biological relationship between shortened telomere length and atherosclerosis. 45 Notably, a recent genome wide metaanalysis revealed an association between single-nucleotide polymorphisms associated with shortened LTL and an increased risk of CAD. 46 This suggests a causal relationship between shortened telomere length and atheroma plaque build-up although MI was included in the definition of CAD. A likely reason for our findings for CAD is that several studies were excluded either because they did not meet our strict clinical definition of CAD (angina or nonfatal ischemic heart disease) or because we could not extract relevant effect estimates.
Heterogeneity was observed in some of the subgroup analyses; however, this was not consistent across all 3 primary outcomes. As compared with qPCR, the use of Southern blot was associated with a modestly stronger effect estimate for stroke, but not for MI. A plausible explanation is increased measurement error associated with qPCR biased the effect estimate toward the null, although sample size was also smaller in studies using Southern blot. A subgroup difference between study designs in the MI meta-analysis was also observed. Only the case-control subgroup remained significant (OR, 1.51; 95% CI, 1.25-1.82) after stratification suggesting that reverse causation or other biases might inflate risk estimates. Finally, study size was inversely correlated with strength of association for T2D and MI, indicating potential publication bias.
Limitations
Some limitations exist to the results presented in this metaanalysis. First, reporting of LTL as a variable differed between many studies and consequently statistical techniques were used to standardize reported effect measures to per-SD decrease. These statistical methods are most accurate for converting from LTL categorized as an ordinal variable (tertiles or quartiles) when there is a linear association with risk. Most studies included in this meta-analysis demonstrate the linearity of this association, but because of smaller sample sizes some studies deviate from it. Moreover, based on the assumption that LTL is a true biomarker for aging, the inclusion of effect measures adjusted for chronological age likely attenuates the strength of association with cardiometabolic outcomes. With the exception of 2, 36,37 all studies included in this meta-analysis are adjusted for age and as such our findings are likely underestimates of underlying associations.
Finally, ethnic subgroup analysis was hindered because of lack of reporting of ethnicity-specific effect measures. Some studies included into the meta-analysis used multiethnic populations and adjusted for this in their analysis but did not report ethnic-specific estimates. These authors were contacted for further information on ethnic group-specific effect measures, but no response was received. Although limited, we performed the subgroup analysis including a mixed group to represent studies reporting adjusted analysis for multiethnic populations.
Conclusions
We present a systematic review and meta-analysis evaluating the use of LTL as a biomarker for aging through its association with age-related cardiometabolic outcomes. Despite a significant association between per-SD decrease in LTL and all primary outcomes measured, the results from this meta-analysis should be interpreted carefully as the observed heterogeneity is yet to be fully explained. Larger observational studies, with well-characterized patient populations and reliable LTL measurement techniques, are required to further explore sources of heterogeneity and ultimately validate the use of LTL as a marker for biological age.
Disclosures
None.
